Abstract-A new design of a broad-band probe-fed patch antenna with a W-shaped ground plane is presented. The W-shaped ground plane is obtained by bending the conventional planar ground plane into an inverted V-shape, seen in the resonant direction of the patch antenna and then adding proper flanges at the two straight edges of the bent ground plane. The proposed design is applicable to the patch antenna with a planar radiating patch with a thin-air substrate. With the use of the proposed W-shaped ground plane, the required probe-pin length in the substrate remains to be small, although the effective substrate thickness is significantly increased, resulting in a much wider operating bandwidth. Also, by choosing proper dimensions of the W-shaped ground plane, the antenna gain for frequencies over the obtained wide bandwidth is enhanced, compared to the conventional patch antenna with a planar ground plane. In addition, the cross polarization is also reduced for the proposed design and the cross-polarization level (XPL) in the H-plane pattern can even be better than that of a conventional probe-fed patch antenna with a thin air substrate.
I. INTRODUCTION

M
ICROSTRIP antennas are usually with a narrow-bandwidth operation, which greatly limits their possible applications. To enhance the antenna's operating bandwidth, the use of a thick and low-permittivity substrate, such as a thick air or foam substrate, has been known to be very effective. However, for probe-fed microstrip antennas with thick substrates, the effect of the inductive reactance of the long probe pin in the substrate layer is a critical problem to achieve good impedance matching over a wide operating bandwidth. In order to reduce the effect of the inductive reactance associated with the long probe pin, cutting a U-shaped slot [1] - [3] or a pair of wide slits [4] in the radiating patch has been presented. Other methods of introducing compensations or modifications to the probe-feed arrangement, such as using a gap-coupled probe feed [5] , [6] , a three-dimensional (3-D) microstrip transition feed [7] , an L-probe feed [8] , have also been reported. Recently, the design with a 3-D V-shaped patch has also been demonstrated [9] , in which the V-shaped patch can be placed close to the ground plane and, at the same time, increases the antenna's average substrate thickness for broad-band operation. These related designs, however, usually show a low cross-polarization level (XPL), about 10 dB or less, in the H-plane patterns for frequencies within the wide operating bandwidth [3] , [4] , [8] .
In this paper, a new design of a broad-band probe-fed patch antenna with a W-shaped ground plane is proposed, in which a large average air-substrate's thickness can be obtained for broad-band operation. The radiating patch in the proposed design is a simple planar rectangular patch, whose central line along the resonant direction can be placed close to the W-shaped ground plane, which consists of a small flat section in the center for setting the 50-SMA connector in this study, two bent sections for increasing the average substrate thickness for broad-band operation and two flange sections for enhancing the antenna gain and improving the XPL. The required probe-pin length in the proposed design can be as small as that in a conventional probe-fed patch antenna with a thin air substrate. Since the inductive reactance associated with a short probe pin is small, its effect on the impedance matching can be ignored and wide-operating bandwidth for the proposed design can easily be obtained. Also, with the selection of proper flange dimensions of the W-shaped ground plane, the antenna gain of the proposed design can be enhanced. Good broadside radiation characteristics with improved XPLs are also obtained in this study. Many prototypes of the proposed design with various dimensions of the W-shaped ground plane have been conducted and studied. Optimal dimensions of the W-shaped ground plane for widened bandwidth, enhanced gain and improved XPL are experimentally analyzed. Details of the proposed design and obtained experimental results are presented and discussed.
II. ANTENNA DESIGN
The geometry of the proposed broad-band probe-fed patch antenna with a W-shaped ground plane is shown in Fig. 1 . The planar rectangular patch, having dimensions of ( is along the resonant direction), is supported by plastic posts above the central line ( -axis) of the W-shaped ground plane. The proposed ground plane, having a length of in the antenna's resonant direction, is bent with a bent angle of and leaves a small flat section of 9 mm in width and in length for setting the 50-SMA connector in this study. The distance between the radiating patch and the small flat section is , which is chosen to be small (about 2% of the center operating wavelength in free space) to reduce the required probe-pin length for feeding the patch antenna. In this case, good impedance matching across a wide-operating bandwidth can easily be obtained by placing the probe feed along the patch's central line ( -axis). The distance between the optimal feed position and the patch center is denoted as here.
0018-926X/02$17.00 © 2002 IEEE Fig. 1 . Geometry of the proposed broad-band probe-fed patch antenna with a W-shaped ground plane.
In the proposed design, it can be seen that the effective average substrate thickness increases with increasing angle of ; that is, the antenna's operating bandwidth can be increased with an increase in . The width of the bent section of the W-shaped ground plane is and, at the edge of the bent section, a flange of height is added, with an angle from the bent section. With the selection of proper angle and increasing height , the antenna gain and XPL for the proposed antenna can be enhanced. Many prototypes of the proposed designs with various bent angles ( ) and flange parameters ( , ) are constructed and studied in the next section.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Results of the Case Without a Flange ( )
The case for a simple bent ground plane (i.e., without the flange section in the proposed design) is first studied. Fig. 2 shows the measured return loss for the constructed antennas with various angles of . The rectangular radiating patch was of dimensions 60 mm 90 mm ( ). The distance from top of the bent ground plane to the rectangular patch was fixed to be 3 mm (about 0.02 , is the free-space wavelength of the center operating frequency). [Also note that, when larger values of are chosen, good impedance matching becomes difficult or impossible to achieve for the conventional patch antenna with mm, which was found to be insensitive to the variation in the bent angle, .
From the results obtained in Fig. 2 , it is seen that the impedance bandwidth increases with increasing value of . In Fig. 2 , the case with represents the result for a conventional probe-fed patch antenna with a thin-air substrate. The measured data of the impedance bandwidth and the antenna gain at resonant frequency are also given in Table I . It is observed that the impedance bandwidth, determined by 1:1.5 voltage standing-wave radio (VSWR), for reaches 16.1%, which is about 5.5 times that (2.9%) of the case with . (Also note that, when in terms of 1:2 VSWR, the bandwidth for reaches 29%, which is 5.8 times that (5.0%) of the case with .) On the other hand, the antenna gain is decreased by about 2.1 dBi, comparing the cases of and . For the cases with greater than 40 , it is expected that the antenna gain will further be decreased. However, the experiments were not conducted due to the parameters used in this study not suitable for implementing the design with (the two bent sections of the ground plane can not be bent further due to the finite dimensions of the SMA connector).
Typical measured radiation patterns for , 20 and 40 are shown in Fig. 3 . Largely owing to the bending of the ground plane, the XPLs in the H-plane pattern are seen to decrease by about 7 dB (from about 13 dB for to about 6 dB for ). The decrease in the XPL is similar to that observed for the probe-fed broad-band designs with a thick air or foam substrate [3] , [4] , [8] . Also, the beamwidths of the H-plane pattern are clearly seen to be widened, which is similar to that observed for a microstrip antenna mounted on a cylindrical surface [10] . As for the E-plane pattern, the XPLs are slightly decreased with increasing value of . However, the XPLs are all well above 20 dB.
B. Results of the Case With a W-Shaped Ground Plane
It is found that when flange sections are added to the bent ground plane, studied in Section-A , to form a W-shaped ground plane, the antenna gain of the proposed design can be enhanced. Fig. 4 shows the measured antenna gain versus the flange height for the case with . The corresponding measured data are also given in Table II . The feed position is also fixed at mm, the same as the study in part A of this section. It is observed that the antenna gain increases with increasing flange height. The measured gain for frequencies across the operating bandwidth is presented in Fig. 5 . When is greater than 60 mm, the antenna gain is larger than that (8.2 dBi) of a conventional probe-fed patch antenna with a thin air substrate (see in Table II ). It should also be noted that, for the case with mm, the edge of the flange section of the W-shaped ground plane is at about the same level as the radiating patch. For mm, the edge of the flange section becomes higher than the radiating patch and the antenna gain is seen to increase slowly.
It is also observed that, although the impedance bandwidth is decreased from 16.1% to about 12% for the increasing of the flange height, it is still greater than 4.0 times that of the conventional case with , . Fig. 6 plots the measured radiation patterns of the cases with mm and 80 mm studied in Fig. 4 . It is clearly seen that the XPLs in the H-plane pattern are greatly improved, compared to that shown in Fig. 3(b) and (c) for and 40 and are about 14 dB, which is even better than that shown in Fig. 3(a) for (about 13 dB). The XPLs in the E-plane patterns are also well above 20 dB. The cases for varying the angle in the proposed design are also studied and the results of measured return loss are shown in Fig. 7 . Table III gives the corresponding measured data. For obtaining maximum enhanced antenna gain, results indicate that is the optimal flange angle away from the bent sections of the ground plane. On the other hand, it is seen that the decrease in decreases the impedance bandwidth. This behavior is probably because the decrease in corresponds to the lowering in the effective average substrate thickness in the proposed design, resulting in a smaller impedance bandwidth obtained.
IV. CONCLUSION
A new broad-band design of a probe-fed rectangular patch antenna with a W-shaped ground plane has been proposed and experimentally studied. For constructed prototypes of the proposed design, the impedance bandwidth (1:1.5 VSWR) greater than 12% can easily be obtained. Moreover, the antenna gain of the proposed design can be greater than that of a conventional probe-fed patch antenna and peak antenna gain can reach 9.5 dB or larger. The XPLs in the E-plane pattern for the constructed prototypes are all well above 20 dB and the XPLs in the H-plane pattern can be improved to be about 14 dB, which is even better than that of a corresponding conventional probe-fed patch antenna with a thin air substrate.
